A search for exclusive or quasi-exclusive W + W − production induced by photon-photon exchange in pp collisions at √ s = 8 TeV is reported using data corresponding to an integrated luminosity of 19.7 fb −1 . Events are selected by requiring the presence of an electron-muon pair with large transverse momentum p T > 30 GeV and no associated charged particles detected from the same vertex. The observed yields and kinematic distributions are compatible with the Standard Model prediction for exclusive and quasi-exclusive W + W − production. The dilepton transverse momentum spectrum is studied for deviations from the Standard Model, and the resulting upper limits are compared to predictions assuming anomalous quartic gauge couplings.
Introduction
The LHC allows to investigate high-energy photon-photon interactions due to its high energy and luminosity. From the first data taken at a collision energy of √ s = 7 TeV, measurements of γγ → µ + µ − [1] , γγ → e + e − [2] and γγ → W + W − [3] have been made in processes such as those illustrated in Fig. 1 . The process γγ → W + W − had never been observed before LHC. The signal topology investigated in this analysis is pp → p ( * ) W + W − p ( * ) , where the p ( * ) indicates that in the final state the protons may either remain intact (production in an elastic collision) or can break up into other particles not seen by the CMS detector (proton dissociation). The process γγ → W + W − is allowed in the Standard Model (SM), where it can be mediated by genuinely quartic and by t-and u-channel diagrams as shown in At the same time, it is a promising process for searches of New Physics beyond the Standard Model (BSM). Possible deviations from the SM may be described by introducing genuine anomalous quartic gauge couplings (AQGC) parametrized by higher-dimension effective operators, which could arise in a number of different BSM scenarios. Before the LHC started taking data, such AQGCs in the quartic vertex γγ W + W − were constrained only by LEP data on tri-boson production and WW → γγ scattering and by Tevatron measurements of γγ → W + W − scattering. Ways to study AQGCs at the LHC complementary to the one described here are tri-boson production (W γγ, WW γ, W Zγ), same-sign WW → WW scattering and decays with Z + 2 jets in the final state.
Signal and control channels
Cases where at least one of the W 's decays hadronically would suffer from large QCD background and be difficult to distinguish from inclusive production. The decays
PoS(EPS-HEP2015)313
Exclusive W + W − production measured by CMS and constraints on AQGC Manfred Jeitler W + W − → e + e − would be dominated by Drell-Yan events and by γγ → + − production. Therefore, the final state selected for the signal in this analysis is W + W − → µ ± e ∓ (with undetected neutrinos). This signature also contains W + W − → τ + τ − signal events as well as Drell-Yan and γγ → τ + τ − background where one of the τ's decays into a muon and the other one into an electron. As opposed to exclusive production, inclusive W + W − production is always accompanied by soft particles from multiple parton interactions resulting in additional charged tracks. The experimental signal signature is therefore a muon-electron pair with high transverse momentum p T (to suppress background), with both leptons coming from the same vertex and without any additional charged tracks in the detector. Same-flavor leptonic events from γγ → µ + µ − and γγ → e + e − have been used as control samples to investigate the event selection efficiency in data as well as corrections from rescattering, i.e. additional hadronic activity due to strong-interaction effects between the protons.
The CMS detector
A detailed description of the CMS detector has been given elsewhere [4] . The most important parts of the detector for this analysis are the silicon tracker, which covers the region up to |η| < 2.4 in pseudorapidity, the electromagnetic crystal calorimeter and the muon system consisting of Drift Tubes, Cathode Strip Chambers and Resistive Plate Chambers. Silicon tracker and calorimeters are surrounded by a superconducting solenoid providing a strong magnetic field of 3.8 T resulting in an excellent momentum resolution (< 1.5% for muons of p T < 100 GeV).
Modelling of anomalous quartic gauge couplings
The triple (WW γ) and quartic (WW γγ) couplings contributing to the process investigated in this analysis as shown in Fig. 2 are related by gauge invariance in the SM. For quartic couplings, potential deviations from the SM have been quantified by introducing effective operators of dimension-6 [5] or of dimension-8 [6, 7, 8] . By including the additional constraint that the WW Zγ vertex should vanish, a direct relationship between the numerical values of the parameters of these two formalisms can be established.
In both scenarios anomalous couplings would result in a rapid rise of the γγ → WW cross section with energy and violate unitarity at scales below those reached in 8 TeV proton-proton collisions. This can be prevented by modifying the effective Langrangian and introducing a dipole form factor with a cutoff scale.
Data and Monte Carlo
The data used in this analysis are based on 19.7 fb −1 of proton-proton collisions collected by the LHC at a center-of-mass energy of √ s = 8 TeV in 2012, at a mean pileup of 21 individual pp-collisions per bunch crossing.
The signal for both the SM and the AQGC contributions was simulated using MADGRAPH [9] . The samples for γγ → + − both in elastic processes and with proton dissociation were produced using the LPAIR generator [10] . Inclusive backgrounds from diboson production, W+jets and tt were produced with MADGRAPH while inclusive Drell-Yan samples were simulated using POWHEG [11] . The outgoing partons calculated by these programs were matched to parton showers from PYTHIA [12] and the results were passed through the GEANT4 [13] simulation of the detector.
Event selection 2.1 Signal channel
In the analysis leptons from the µ ± e ∓ final state of the signal as well as from the µ + µ − and e + e − states of the control samples are required to have a transverse momentum of p T > 20 GeV (with somewhat lower trigger thresholds) and to pass various optimized selection criteria. A threshold is also applied to the invariant mass of the dilepton system ( + − > 20 GeV) to remove background caused by low-mass resonances for the µ + µ − and e + e − final states.
The signal is then selected by vetoing events with any additional charged tracks (to remove background from inclusive diboson production) and by setting a threshold on the transverse momentum of the muon-electron pair (p T (µ ± e ∓ ) > 30 GeV (to eliminate background from τ + τ − production).
γγ → + − control samples
The µ + µ − and e + e − final states suffer from much higher background from direct γγ → + − production and from Drell-Yan processes than the µ ± e ∓ channel and are therefore not used for the signal selection. However, they are very useful as control samples serving two purposes: first, they allow to investigate the efficiency loss due to the veto requirement on additional charged tracks; second, they allow to get a better handle on the proton-dissociation contribution to high-mass γγ interactions, which is not well known from theory.
Efficiency loss due to veto on extra tracks
In exclusive production, additional tracks may be misidentified as coming from the dilepton vertex although in fact they originate from other proton-proton collisions in the same bunch crossing (pileup). These are mostly forward tracks of low p T , which are not modeled perfectly by the Monte-Carlo simulation. The loss of events due to such pileup tracks can be estimated by comparing a pure selection of elastic events to the simulation. To obtain such a pure selection we choose lepton pairs back-to-back in azimuth by requiring a small "acoplanarity": |1 − ∆φ ( + − )/π| < 0.01, and with an invariant mass of the lepton pair far away from the Z peak (m( + − ) < 70 GeV or m( + − ) > 106 GeV). These requirements strongly suppress Drell-Yan and other inclusive backgrounds. These control samples show a marked deficit in the data compared to the simulation for both the muon and the electron channel (Fig. 3) . By cutting even more on acoplanarity (|1 − ∆φ ( + − )/π| < 0.001, i.e. selecting the leftmost bin in Fig. 3 ) one can further reduce the possible contamination from γγ → + − where one or both of the protons dissociate. From this selection we determine a data-to-simulation ratio of 0.63 ± 0.04 for µ + µ − and of 0.63 ± 0.07 for e + e − . This value is applied as an efficiency correction factor to the 0 extra tracks requirement for the γγ → W + W − signal.
For exclusive production, mis-assigned tracks from other pileup vertices can only result in a loss of events. For inclusive background processes, pileup can also have the opposite effect
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Exclusive W + W − production measured by CMS and constraints on AQGC Manfred Jeitler when a track from the event itself (the "underlying event") is wrongly attributed to another vertex. For the largest background channel of inclusive W + W − production, it turns out that the net effect is zero and the simulation accurately reproduces the data, so that no correction is applied to the background.
Estimate of proton-dissociation contribution to high-mass γγ interactions
Simulations show that in high-mass γγ interactions one or both of the protons dissociate, which may result in events being rejected by the veto on extra tracks. To estimate this effect from data, a sample is selected where the dilepton invariant mass is greater than 160 GeV so that W + W − pairs can be produced on shell. The ratio of the observed number of events to the calculated number of elastic pp → p + − p events is used as a scale factor to calculate from the predicted elastic pp → pW + W − p events the total number of pp → p * W + W − p * to be expected when including proton dissociation. The numerical value of the scale factor thus obtained is F=4.10±0.43.
Backgrounds and systematics
The dominant background is di-boson production (mostly W + W − and some W Z events). It is strongly reduced by the veto on extra tracks from the µ ± e ∓ vertex. To confirm that the simulation models this background well a control region is chosen where the cut on the transverse momentum of the µ ± e ∓ pair is the same as for the signal (p T (µ ± e ∓ ) > 30 GeV) but the veto on additional tracks is removed (1-6 extra tracks allowed; cf. Fig. 4) . The data in this control region confirm the expectation from simulation (234.0 ± 7.8 (stat.) events expected and 214 events observed in data).
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The MADGRAPH simulation for this background contribution in the signal region yields 2.0 ± 0.4 events (compatible with the PYTHIA result of 2.3 ± 0.8 events). The background from Drell-Yan τ + τ − production where one τ decays into a muon and the other into an electron (plus invisible neutrinos) is strongly suppressed by the veto on additional tracks. A control region at low transverse momentum (p T (µ ± e ∓ ) < 30 GeV) and with the veto on extra tracks removed is dominated by Drell-Yan τ + τ − events (cf. Fig. 4 ). There is some disagreement between these data and simulation at low µe invariant mass and low acoplanarity but at higher values of these variables (where inclusive WW production starts to dominate) the agreement is good. The simulation shows that no Drell-Yan τ + τ − events survive in the signal region.
Background from γγ → τ + τ − can also appear in exclusive events and can therefore not be completely suppressed by the veto on additional tracks from the dilepton vertex. It is, however, strongly reduced by the cuts on the transverse momentum of the lepton pair (p T (µ ± e ∓ ) > 30 GeV) and of the individual leptons (20 GeV for both µ and e). A data control sample with the same veto on extra tracks as the signal but with inverted cut on transverse momentum p T (µ ± e ∓ ) < 30 GeV) (cf. Fig. 4 ) confirms the simulation.
After including some less important background channels, the total expected background is 3.5 ± 0.5 (stat.) events, with the largest contribution coming from inclusive W + W − production while the expected SM signal is 5.3 ± 0.1 (stat.) events.
Systematic uncertainties are dominated by the proton dissociation probability (10.5%), where the leading contribution comes from the statistical error on data in the high-mass γγ → + − control sample described in Section 2.2.2 (9.2%) and an additional effect of 5.0% is due to the uncertainties in the matrix elements used for simulation. The second most important systematic uncertainty comes from the estimate of the signal inefficiency introduced by the veto on extra tracks using the control samples of elastic-enriched γγ → + − events and equals the statistical uncertainty in these samples. Minor contributions to the systematic uncertainty are due to the trigger and lepton identification efficiency (estimated from Z → + − events) and the measurement of the total luminosity.
Results
The signal region with the veto on extra tracks and the cut on the transverse momentum of p T (µ ± e ∓ ) > 30 GeV contains 13 events while the expected background for this region is 3.5 ± 0.5 (stat.) events and the Standard Model predicts 5.3 ± 0.1 (stat.) events (Fig. 5) . The distributions of µ ± e ∓ invariant mass, acoplanarity and missing transverse momentum are consistent with the SM plus background hypothesis. After correcting for experimental inefficiencies and extrapolating to full phase space, this corresponds to a cross section multiplied by the µ ± e ∓ branching fraction of σ (pp → p * W + W − p * → p * µ ± e ∓ p * ) = 12.3 +5.5 −4.4 fb compatible with the SM prediction of 6.9 ± 0.6 fb. The measurement excludes the background-only hypothesis by 3.6 σ . In terms of AQGC couplings, the data allow to obtain the following limits on the dimension-6 couplings defined in [5] when using a dipole form factor with Λ cuto f f = 500 GeV: − 1.1 × 10 −4 < a W 0 /Λ 2 < 1.0 × 10 −4 GeV −2 (a W C /Λ 2 = 0) − 4.2 × 10 −4 < a W C /Λ 2 < 3.4 × 10 −4 GeV −2 (a W 0 /Λ 2 = 0) These values can be translated into the corresponding dimension-8 limits [6, 7, 8] , which can be found in [14] together with more details of the analysis.
The two-dimensional limits in the a W 0 /Λ 2 , a W C /Λ 2 space for this result and for the preceding CMS result from [3] are given in Fig. 6 . The limits obtained in this analysis are based on the full 8-TeV data set and show a significant improvement over the first CMS analysis based on the initial 7-TeV data. Figure 6 : Excluded values of the anomalous coupling parameters a W 0 /Λ 2 and a W C /Λ 2 with Λ cuto f f = 500 GeV. The area outside the solid contour is excluded by this measurement at 95% CL. The predicted cross sections are rescaled to include the contribution from proton dissociation.
